Dielectric screening plays an important role in reducing the strength of carrier scattering and trapping by point defects for many semiconductors such as the halide perovskite solar materials. However, it was rarely considered as a screen to find new electronic semiconductors. We performed a material search study using the dielectric properties as a screen to identify potential electronic materials in the class of metal-pnictide ternary sulfosalts, containing Bi or Sb. These salts are basically ionic due to the electronegativity difference between the S and both the metal and pnictogen elements. However, we do find significant cross-gap hybridization between the S pderived valence bands and pnictogen p-derived conduction bands in many of the materials. This leads to enhanced Born effective charges, and in several cases, highly enhanced dielectric constants. We find a chemical rule for high dielectric constants in terms of the bond connectivity of the pnictogen-chalcogen part of the crystal structure.
Introduction
consistent with excellent semiconducting behaviors, including high dielectric constant, favorable transport effective mass values, and suitable band gaps for particular applications. We also identify a useful chemical rule for high dielectric constant in terms of structural motif, in particular the bond connectivity of the pnictogen-chalcogen part of the crystal structure. Our preliminary experimental results on Sn-Sb-S compounds for solar absorbers supports the theoretical predictions.
The basis for our choice of using dielectric constant as a screen and for focusing on pnictogen sulfosalts is illustrated in Figure 1 . Figure 1a shows a plot of the product of mobility and effective mass for known good semiconductors vs static dielectric constant. The product of mobility and effective mass is average inversely proportional to the carrier scattering rate; that is, it removes the well-known inverse relation between effective mass and mobility. It represents a crucial factor in carrier transport in semiconductors. As seen there is a substantial correlation even in these classic semiconductors. Furthermore, it has been demonstrated by experiment that there is a clear connection between dielectric constant and mobility in diverse materials, including oxide electronic materials 30 and layered transition metal dichalcogenides. 31 Figure 1b shows our calculated electronic structure of PbBi 2 S 4 , which is one of the M-Sb/Bi-S compounds studied (see below for details). This is a material that was previously identified as a good potential solar absorber based on band structure and optical considerations. 30 The electronic structure is characteristic of a salt, Pb 2+ (Bi 3+ ) 2 (S 2-) 4 , as may be expected from the electronegativity differences, and additionally shows strong cross-gap hybridization between the S p states comprising the valence band and pnictogen p states comprising the conduction band. As illustrated in Figure 1b , this provides a mechanism for strongly enhanced Born effective charges, similar to perovskite ferroelectrics. 33 The enhanced Born effective charges in the ternary M-Sb/Bi-S sulfosalts are expected to lead to a dominant lattice contribution in the static dielectric constant. nominal Bi p conduction bands and S p valence bands with cross-gap hybridization between them. As illustrated schematically in (d, upper panel) , this leads to a transfer of charge from S to Bi due to increased hybridization when the bond is compressed. This corresponds to an additional effective charge motion, i.e., enhanced Born effective charges (Z*) and resulting high dielectric constants. The lower panels of (d) shows the charge density before distortion, after and the difference (green and blue are positive and negative).
Computational Methods
The present calculations are performed within density-functional theory (DFT). 45 Two electronic structure methods were employed: the projector augmented wave (PAW) method as implemented in the VASP code, 45 because of the efficient relaxations and calculations of dielectric properties that are possible in that method, and the general potential linearized augmented planewave (LAPW) method as implemented in the WIEN2K code, 47 due to the highly accurate, all electron electronic structures, suitable for transport and optical calculations that can be obtained with this method. We used the standard Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) 48 to relax the atomic coordinates by total energy minimization, while fixing the lattice parameters to experimental values. This is important because errors on the lattice parameters can have strong effects on lattice dynamics and dielectric behavior.
Born effective charge and dielectric tensor calculations were performed using density functional perturbation theory through the VASP code. In all of above calculations the convergence limit was set to 1× 10 −4 eV Å −1 for the force and the 1× 10 -5 eV atom
for the energy.
The electronic structures were then obtained with the LAPW method, 49 as implemented in the WIEN2K code. We used LAPW sphere radii of 2.2 bohr for all elements. Standard density functionals, such as the PBE GGA, generally underestimate semiconductor band gaps. In order to correct this, we used the modified Becke-Johnson (mBJ) potential due to Tran and Blaha for these calculations. 50 This potential generally improves the accuracy of the gap values relative to experiment for semiconductors, and is computational efficient even for dense sets of k-points, as needed in transport calculations. 51, 52 Spin orbit coupling (SOC) was included, since it is potentially important for electronic structures of heavy p-electron systems, as in the Bi compounds that we study (note however that spin-orbit has a much smaller effect on total energies and other properties that depend on averages over electronic states, such as crystal structures, phonons and Born charges). 18 All thermoelectric properties reported were calculated using BoltzTraP code. 53 Transport calculations require a dense sampling of the Brillouin zone. We used at least 5000 k-points in the Brillouin zone from the first principles calculations. These formed the basis of the interpolation implemented in BoltzTraP. Thermoelectric electronic fitness functions (EFF) were obtained using the transM code. 53 To evaluate material-intrinsic solar cell efficiency, the "spectroscopic limited maximum efficiency (SLME)" based on the improved Shockley-Queisser model is calculated. 55 This measure, although it has some limitations, e.g. due to device assumptions, is a useful screen that is applicable in high throughput searches, and emphasizes the importance of high absorption for solar cell materials. 55 While here we used high dielectric constant as a screen and suitable band gap, transport effective mass, and SLME as secondary screens to illustrate the approach, other secondary screens could also be used in a high throughput setting.
Results and Discussion
We investigate 116 ternary sulfosalts in M-Sb/Bi-S system, and selected for further study those compounds that were found to have semiconducting band gaps at the PBE level of theory. These are the 78 identified semiconductors. Some of the other compounds may also have small band gaps at higher levels of theory, but they are not further studied here. The calculated band gaps as obtained with the mBJ potential, including SOC, of are listed in Table S1, compared with Figure 2 . For this purpose we show the direction averages, specifically the average dielectric constant and the inverse of the average value of the inverse effective mass tensor, determined from transport calculations, i.e. the average transport effective mass (see Li et al. 57 for details).
We begin with the discussion of the identified chemical trends. As shown in the We now turn to compounds with favorable properties identified in our search. We focus on potential optoelectronic or thermoelectric materials. A suitable optical band gap is a primary requirement for specific optoelectronic applications, for example, in the case of solar absorbers, band gaps near the maximum in the Shockley-Queisser curve are desired. 58 Thus, compounds with optical band gaps in range of ~1.0-1.7 eV may be suitable for application as solar absorbers (note the Shockley-Queisser curve is relatively flat in the peak region). Those with band gaps in the range of 1.5-2.3 eV are potential semiconductors for room-temperature radiation detection. We identify 28 compounds with an electron or hole effective mass lower than the free electron mass (m 0 ), static dielectric constant ε 0 >20, and band gap 2.3 eV > Eg > 1.0 eV among the compounds studied. These calculated indirect and direct band gaps and SLME for a film thickness of 1µm based on the improved Shockley-Queisser model are shown in Figure 3a . The calculated optical absorption spectra and SLME are shown in Figure 3 and Figure S1 . All these compounds have high absorption coefficient (more than 10 shown to have large absorption and SLME in our calculation. The identification of these compounds by our screen provides a measure of validation. We also find some compounds that have not been studied experimentally but may be high-performance optoelectronic materials based on the results of our screening. For instant, the SLME of Sr 3 Sb 4 S 9 and SrBi 2 S 4 were up to 30% under 1 µm thickness. We chose 13 compounds which have SLMEs larger than 25% and show their optical absorption spectrum and SLME in Figure 3b ,c. Those band structure and PDOS are shown in Figure S2 -S5. and SLME of the 13 compounds that have SLME values larger than 25%. (c) Thickness dependent SLME.
As seen, two of the Sn-Sb-S phases, specifically Sn 2 Sb 2 S 5 and SnSb 4 S 7 show favorable properties. We synthesized ternary nanoparticles of Sn-Sb-S using a two-step solution processing process: sequential ionic layer adsorption reaction (SILAR), followed by annealing in flowing N 2 gas.
The synthesis procedure is as follows. Binary metal sulfide Sn-S nanoparticles were grown on a mesoporous TiO 2 electrode. Then binary metal sulfide Sb-S nanoparticles were grown on top of the Sn-S nanoparticles. Postannealing was done to convert the double-layered Sn-S/Sb-S structure into the ternary Sn-Sb-S semiconductor.
The Sn-S SILAR cycles were done by dipping the TiO 2 electrodes for 30 s into a 0.1 M, 300 K SnCl 2 ethanol solution, followed by an ethanol rinse, then dipping in a 0.1 M 300 K Na 2 S methanol solution also for 30 s, and finally a methanol rinse and air-dry.
The Sb-S SILAR cycles were done also at 300 K, similar to the Sn-S cycles, but using 0.1 M SbCl 3 ethanol and 0.1 M Na 2 S methanol solutions. In these experiments the number of Sb-S SILAR cycles was kept two lower than the number of Sn-S sycles.
Each SILAR cycle leads to a greater concentration of Sn, which is accompanied by a band gap reduction. Details of the growth procedure will be reported elsewhere. The nominal composition obtained was Sn x Sb y S with x 0.38, y 0.28 based on energy-dispersive X-ray spectroscopy (EDS). This is near the composition of Sn 2 Sb 2 S 5 .
The optical properties of the synthesized Sn-Sb-S semiconductor were characterized by transmission measurements. Figure 3 that Sn-Sb-S could be a potential solar material. It should be emphasized that further characterization of the material and optimization of it and the cells are needed before definite conclusions about the performance can be made.
Details of the photovoltaic experiment will be published separately.
Compounds with the combination of band gap lower than 1.0 eV, and static dielectric constant ε 0 > 20 may be good candidate thermoelectric materials for waste heat recovery or other applications. We calculated the electronic fitness function, which is a measure of the extent to which a band structure has features that decouple the thermopower from the conductivity (Figure 4a,b) . This is an important ingredient in achieving high thermoelectric performance. 54 
Conclusions
We report a computational material search study using the dielectric properties as a screen to identify overlooked electronic materials in a family of experimentally synthesized compounds, metal-pnictogen sulfosalts (M-Sb/Bi-S). These compounds have essentially ionic electronic structures reflecting the electronegativity difference between Sb/Bi and S. Importantly, there is strong cross-gap hybridization between S p and pnictogen p orbitals, which leads to enhanced Born effective charges. We find that there are large dielectric constants as a consequence in structures with connected pnictogen-S sublattices. Of the 116 ternary sulfosalts that we investigated, 78 are semiconductors. The calculated band gaps of these M-Sb/Bi-S compounds cover a wide range. We find that while dielectric constant does correlate with the band gap, as might be expected, it is possible to use dielectric constant as an independent screen because there are substantial numbers of high dielectric constant materials in any band gap range, including high band gap. Finally, we identify several promising materials for optoelectronic and thermoelectric applications. We also observe a structural rule, where certain structures, i.e. those having at least one dimensionally connected pnictogen-S bonding topologies also have high dielectric constant and vice versa. We illustrate the use dielectric properties as a way of sifting through the thousands of possible semiconducting compounds, specifically the use of computed static dielectric constant based on crystal structure as a primary screen, with additional property screens depending on application. Our study suggests that rational discovery by consideration of dielectric constant is a feasible and useful approach to discover new semiconductors for electronic, optoelectronic and thermoelectric applications.
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